C3 glomerulopathy is a recently described form of CKD. C3GN is a subtype of C3 glomerulopathy characterized by predominant C3 deposits in the glomeruli and is commonly the result of acquired or genetic abnormalities in the alternative pathway (AP) of the complement system. We identified and characterized the first mutation of the C3 gene (p. I734T) in two related individuals diagnosed with C3GN. Immunofluorescence and electron microscopy studies showed C3 deposits in the subendothelial space, associated with unusual deposits located near the complement receptor 1 (CR1)-expressing podocytes. In vitro, this C3 mutation exhibited decreased binding to CR1, resulting in less CR1-dependent cleavage of C3b by factor 1. Both patients had normal plasma C3 levels, and the mutant C3 interacted with factor B comparably to wild-type (WT) C3 to form a C3 convertase. Binding of mutant C3 to factor H was normal, but mutant C3 was less efficiently cleaved by factor I in the presence of factor H, leading to enhanced C3 fragment deposition on glomerular cells. In conclusion, our results reveal that a CR1 functional deficiency is a mechanism of intraglomerular AP dysregulation and could influence the localization of the glomerular C3 deposits.
The newly recognized entity, C3 glomerulopathy (C3G), is a rare kidney disease characterized by the predominance of C3 deposits in glomeruli. 1 The C3 deposits are localized to the mesangium, within or along the glomerular basement membrane (GBM). Based on the pattern of deposits observed by immunofluorescence (IF) and electron microscopy, two subtypes of C3G have been described: dense deposit disease (DDD) and C3GN. 2, 3 DDD and C3GN result from dysregulation of the Complement alternative pathway (AP). 4, 5 The AP is continuously activated at a low level by spontaneous hydrolysis of the internal thioester bond of C3, resulting in generation of C3(H 2 O). 6, 7 This pathway is amplified in the setting of activating surfaces such as bacteria or apoptotic and necrotic cells. To avoid excessive or undesirable autoamplification, the AP is tightly regulated in the fluid phase by the plasma regulatory protein factor H (FH) and on cell surfaces by three membrane proteins: membrane cofactor protein (MCP; CD46), complement receptor 1 (CR1; CD35), and decay accelerating factor (DAF; CD55). Together, these regulators act by preventing the formation of and dissociating the AP C3 convertase (FH, CR1, and DAF) and by serving as cofactors for factor I (FI)-mediated inactivation of C3b to iC3b (FH, MCP, and CR1).
DDD and C3GN are associated with low plasma C3 levels in more than 50% of cases. 5, 8, 9 AP dysregulation is mainly acquired, induced by the presence of C3 Nephritic Factor (C3Nef), which is an autoantibody against the AP C3 convertase that stabilizes the enzymatic complex, 10 or anti-FH autoantibodies. [9] [10] [11] Less frequently, C3G has a genetic background, associated with mutations in the FH, FI, or CFHR5 genes. 9, 12 The sole reported mutation in the C3 gene was in DDD and revealed that fluid phase-restricted AP dysregulation, which caused continuous generation of C3 cleavage fragments in plasma, plays a major role in DDD pathogenesis. 13 Here, we present for the first time the functional characterization of a C3 mutation identified in two related patients with C3GN. The mutation leads to a combined FH/CR1 functional deficiency causing a tissue-restricted AP dysregulation in the patients, and provides unique insights into the pathogenesis of C3GN. Moreover, in view of podocyte CR1 expression, this mutation provides clues for a role for CR1 in the specific intraglomerular localization of C3 deposits.
RESULTS

Patients
The clinical presentations of the two related patients (patient II-1 and II-2; Figure 1A ) are detailed in the Concise Methods section. In brief, patient II-1, a 45-year-old man, was referred to a nephrology department in December 1999 with nephrotic syndrome (proteinuria 3.37 g/day) associated with microscopic hematuria and ARF with serum creatinine level of 156 mmol (eGFR 32 ml/min per 1.73 m 2 ). The initial renal biopsy showed hypertrophy of the mesangial matrix and hypercellularity associated with mesangial, subendothelial, and big extramembranous deposits (humps), consistent with the diagnosis of membranoproliferative GN Figure 1B ). Immunofluorescence staining was positive for C3 ( Figure 1C ). Staining for immunoglobulins was negative. By electron microscopy, deposits were granular, nonorganized, and localized to the mesangium, along the GBM, in the subendothelial space and associated with voluminous humps ( Figure 1D ). Moreover, microvesicular structures and laminated thread-like structures were observed in the extramembranous side of the GBM ( Figure 1E ). Interstitial fibrosis involved approximately 30% of the cortical area. Arterial vessels were normal.
This patient progressed to ESRD 23 months after diagnosis. Patient II-1 was transplanted. Kidney biopsies were performed at 3 and 34 months post-transplantation because of proteinuria and renal failure. Theydemonstrated recurrence ofthe disease with the same pattern of a C3GN (Figure 1, F-I ). Deposits were granular and localized in the mesangium and along the GBM, as well as in the subepithelial or subendothelial spaces. (D) Electron microscopy (original magnification, 33000) showed subendothelial and voluminous extramembranous deposits (humps) (*) (E) Electron microscopy (original magnification, 310,000) showed microvesicular structures (single arrow) and laminated thread-like structures (double arrow). (F, G) Recurrence of C3GN with a membranoproliferative GN pattern was observed after kidney transplantation in patient II-1 by light microscopy. (H) Immunofluorescence staining was positive only for C3. (I) Deposits were predominantly localized in the mesangium, as detected by electron microscopy.
His 43-year-old brother (patient II-2) had a kidney biopsy in November 2005 due to nephrotic syndrome. Results of his kidney biopsy showed similar findings by light microscopy and IF to his brother's biopsy.
Assays for Complement Components, Genetic
Analyses, and Protein Structure Both patients had normal plasma C3 and FB levels. The screening for C3Nef, anti-FH, anti-FB, and anti-C3 autoantibodies was negative. Patients II-1 and II-2 carry the same c.2327T.C heterozygous mutation in the C3 gene, leading to p.I756T (I734T, mature protein numbering) substitution on the surface of the MG6a domain of the protein (Figure 2 ). The mutation was not detected in the single nucleotid polymorphism databases (http://www.1000genomes.org/ and http:// evs.gs.washington.edu/EVS/). No mutations were found in the other screened genes (FH, CFHR5, MCP, FB, and FI).
The mutation was not detected in the healthy father (I-1) and no sample was available for the mother, who died in 2006 from colorectal cancer ( Figure 1A ).
Functional Characterization of the I734T C3 Mutation
The I734T Mutation Leads to Complement AP Activation on the Cell Surface Both patients had normal plasma C3 and FB levels. To assess complement activation on the cell surface, a GEnC cell line was used. 14, 15 GEnC expressed MCP, DAF, and CD59 but not CR1. 16 Incubation of resting cells with 30% serum from normal healthy donors (NHS) led to physiologic C3 deposition. C3 deposition was higher after incubation with patients' serum ( Figure 3, A and B) , similar to the increase observed with the FH-depleted (FH-dpl) serum. [16] [17] [18] [19] Incubation of apoptotic-necrotic cells with patient sera led to a significantly increased C5b-9 deposition as compared with NHS ( Figure 3C ). To determine whether the increase in C3 deposition was dependent on FH dysregulation, increasing doses of purified FH were added to patient sera and compared with FH-dpl serum and serum of patient with C-terminal mutation in FH. Addition of purified FH resulted in decreased C3 deposition on the cell surface in the same experimental conditions ( Figure 3D ).
The C3 deposits on kidney biopsy of our patients were localized to the vicinity of the podocytes that express CR1, a receptor and regulatory protein for C3 ( Figure 4A ). Therefore, complement activation on the podocyte surface was tested. An increase in deposits containing C3c and C3d was observed when utilizing the patients' serum compared with normal serum ( Figure  4 , B and C). The increase was stronger with the anti-C3b/iC3b antibody compared with the anti-C3d antibody. The patients' serum augmented C3 activation fragment deposition on the surface of the cells and on extracellular matrix between the cells.
C3I734T Binding to FB was Normal and Led to the Formation of a C3 Convertase Comparable to WT Control
The affected residue I734 is in a close proximity to the FB binding site of C3b, particularly in the loading form of the C3bB complex ( Figure 5A ). [20] [21] [22] The interaction between recombinant C3 I734T and purified FB with or without FD was normal and no difference in C3 convertase formation was observed when comparing the C3 I734T mutant and the WT ( Figure 5 , B and C). The lysis of rabbit erythrocytes in the presence of either patient's plasma was similar to that observed with normal plasma. Thus, patients with this C3 mutation are able to form a functional C3 convertase equivalent to WT ( Figure 5D ). WTor C3 I734Twere incubated in presence of preformed surface-bound C3 convertases in an ELISA plate. The cleavage pattern revealed a nearly identical time-dependent appearance of the a9 proteolytic band by Western blotting for C3WT and C3I734T ( Figure 5E ). Cleavage of C3 to C3b was measured by the generation of the a9 fragment. The experiment was repeated twice. We did not observe differences between WT and I734T (data not shown).
C3 I734T Binding to FH is Normal and
Led to Normal Regulation of the C3 Convertase but is Associated with Lower FH-Mediated Cofactor Activity The affected residue I734 is in close proximity to the FH binding site of C3b ( Figure  6A ) 23 By surface plasmon resonance (SPR), C3(H 2 0) I734T binding to FH was weaker than WT but the difference did not reach statistical significance ( Figure 6B ).
Lysis of sheep erythrocytes was similar, when they were exposed to patient or normal plasma. (Figure 6C ). Analysis of FH cofactor activity revealed that the cleavage of C3(H 2 O) I734T to iC3 I734T was significantly decreased compared with the WT, as measured by the appearance of the cleavage fragment a43 ( Figure 6D ).
C3I734T Binding to MCP was Normal and Associated with Normal MCPMediated Cofactor Activity
The affected residue I734 is removed from the putative MCP binding site of C3b ( Figure 7A ). 24 Similar binding of C3 I734T and C3 WT to MCP ( Figure 7B ) and normal cleavage of C3(H 2 O) I734T to iC3 I734T were observed ( Figure 7C ).
C3 I734T Binding to CR1 was Decreased and Associated with Lower CR1-Mediated Cofactor Activity
The location of the CR1 binding site is not well characterized, but at least part of it was mapped to the C3b peptide 727-767 to which I734 belongs ( Figure 8A ). [25] [26] [27] Kinetic analysis by SPR indicated more than two-fold reduction in the apparent binding affinity ( Figure 8B ).
To study the functional consequences of this lower binding to CR1, the capacity of FI to cleave C3 I734T in presence of CR1 was tested by Western blotting. The results Figure 3 . Complement AP activation on resting and apoptotic-necrotic glomerular endothelial cells. Cells were incubated with sera from C3 I734T patients. (A) C3 fragment deposition on resting GEnC in the presence of sera from NHS, serum depleted in FH (FH-dpl), and C3 I734T patient II-2. (B) C3 fragment deposition after incubation of apoptotic-necrotic GEnC with NHS or patient sera. (C) C5b-9 deposition on apoptotic-necrotic GEnC in the presence of NHS and patient sera. These analyses were carried out three times using patient II-1 serum. In every experiment the deposition was compared with a control NHS as well as a total of four NHS, which were very similar to the control NHS (not shown). A representative flow cytometry histogram is shown. C3 deposition obtained with patient II-2 and FH-dpl were normalized to the C3 deposition from the reference NHS on cells to compare the fold increase. (D) C3 deposition on apoptotic-necrotic GEnC in the presence of patients' sera, FH-dpl serum, and serum of a patient with C-terminal mutation in FH (W1183R), supplemented with increasing concentrations of purified FH. The C3 fragments deposition in absence of FH was taken as 100% and the decrease at any dose of FH was calculated as a percentage of this basal level. Iso, isotope; RFI, relative fluorescent intensity.
demonstrate a dose-dependent appearance of the 43-kDa (a43) fragment and a dose-dependent decrease of the a-chain. In the presence of CR1, cleavage of C3(H 2 O) I734T to iC3 I734T was significantly decreased, pointing to a defect in cofactor activity of CR1 ( Figure 8C ).
DISCUSSION
We report the initial identification and functional characterization of a C3 mutation in a familial case of C3GN. This mutation resulted in cell surface AP dysregulation, induced by a combined FH/CR1 functional deficiency. FH activity was mildly decreased whereas CR1 binding and function were markedly impaired. This mutation was identified in C3GN patients with subendothelial and subepithelial C3 deposits associated with unusual accumulation of debris of cellular membranes in the subepithelial space near the CR1-expressing podocytes. Therefore these deposits may be accounted for by the functional CR1 deficiency.
In silico analysis revealed that the C3 mutation I734T may not be associated with major structural changes. The mutant recombinant C3 was produced with preserved overall integrity in a mammalian expression system and both patients had normal plasma C3 and Bb levels. In addition, binding studies and hemolytic assays indicated that the mutant C3 protein binds FB normally and forms a functional C3 convertase equivalent to WT. Our findings made it unlikely that there was a dysregulation of the AP in the fluid phase. However, cellular models of Complement activation performed with plasma and sera of the patients demonstrated that, even in the heterozygous state, the C3 I734T mutation was associated with overactivation of the AP on the endothelial cell surface, leading to increased C3 deposits. Further, in one tested patient, elevated soluble C5b-9 levels were noted, highlighting the overactivation of the terminal pathway. Increased levels of C5b-9 were deposited also on apoptotic-necrotic cells incubated with patients' serum. Since cellular debris of cell membranes was detected in the subepithelial space on the patients' biopsies along with C3 fragments, the Complement system may have been overactivated locally in the glomeruli in these patients.
The central Complement component C3 interacts with multiple ligands, in particular the regulatory proteins of complement, including FH, MCP, and CR1. We showed that MCP binding and cofactor activity were intact. These results suggest that the mutated residue is not involved in the binding site of MCP, and that a functional MCP deficiency is not playing a role in the disease pathogenesis in this family. In contrast, the MG6a domain of C3, in which the mutation is located, is thought to be involved in interaction with FH. 23 In addition, various studies, mainly based on site-directed mutagenesis, have shown that residues 727-767, which are located in the a9NT and MG6a domains of C3b engage CR1. 25, [27] [28] [29] Binding of the C3 mutant protein to purified CR1 was significantly decreased compared with the WT, leading to a marked decrease in cofactor activity of CR1. This result strengthens the notion that I734 in the C3 protein sits within the binding interface with CR1 and that C3 I734T induces a functional CR1 deficiency, which could contribute to disease pathophysiology. Moreover, the mutated residue is at the FH CCP1 binding site, according to the crystal structure of the C3b-FH1-4 complex. 23 In vitro, the interaction of the mutant C3 protein with FH was near-normal, with preserved capacity of FH to regulate the mutant C3 convertase, suggesting that I734 is not a residue critical for the regulation of the C3 convertase formed with the C3 mutant. The C3 deposition from patients' serum was increased on GEnC cells compared with NHS sera, but was efficiently controlled by addition of purified FH. These cells express MCP but not CR1 and Complement control is dependent on the presence of functional FH. 16, 19, 30 In addition, the cofactor activity of FH was moderately decreased in vitro. The mutation is located at the area of the putative FI binding site, during the formation of the trimolecular complex of C3b-FH-FI. 31 Therefore it could be suggested that the mutation does not alter FH binding, but alters the binding of FI to C3b in the presence of FH, which could contribute to disease pathophysiology. Taken together, these results indicate that the C3 mutation induced a perturbation of the FH function but that it could be corrected by excess FH. The deposition of C3 activation fragments on podocytes was compared after incubation with NHS and serum from patient II-1. (B) C3c staining (recognizing C3b/iC3b deposition). Stronger staining on the cell surface and in the extracellular matrix was observed with the patient serum (arrow). (C) C3d staining (recognizing primarily C3dg/C3d and to a smaller extent C3b/iC3b). Similar staining was detected on the cell surface but, in the presence of patient serum, deposits in the extracellular matrix were also observed (double arrow). Experiments were performed two times with same results. C3 mutations have been described in another renal disease associated with AP dysregulation, atypical hemolytic uremic syndrome (aHUS), and commonly result in alteration of C3 interactions with FH and MCP. 19, [32] [33] [34] [35] However, the location and the functional consequences of the C3 mutations in aHUS are different from the mutation reported here. The aHUS mutations affect mainly the binding of MCP and FH but not CR1, 33, 35 while the mutation found here in C3GN affected mainly the binding and function of CR1, moderately affected FH, and did not affect MCP. 33 Martinez-Barricarte et al. reported the first C3 mutation (C3923DDG) associated with DDD. 13 Despite the close proximity between I734T and 923DDG on the C3 and C3b protein surface, their functional consequences were very different. While both C3 I734T and C3 923DDG were resistant to proteolysis by FI in the presence of FH and not MCP, C3 923DDG generated an active AP C3 convertase, resistant to decay by FH, and resulting in fluid-phase C3 consumption. However, mutant C3 923DDG could not be cleaved by a WT C3 convertase, leading to its accumulation in plasma, in contrast to C3I734T, which was cleaved comparable to WT. Results of functional characterization of both C3 mutations published in DDD and found here in C3GN highlight that DDD is associated with fluid-phase AP dysregulation, while cell membrane AP dysregulation is seen in C3GN. However, as in DDD, C3 I734T mutation remains a unique observation in C3GN. Only the I734T mutation in the C3 gene was associated with a familial form of C3GN in the French C3GN cohort, which includes 174 patients.
The inability of CR1 to regulate the AP has not been reported in the context of C3G. CR1 is expressed on most circulating cells including erythrocytes, neutrophils, B-lymphocytes, and monocytes, but not on endothelial cells. Interestingly, the only site of CR1 expression in the kidney is on podocytes. [36] [37] [38] [39] An assessment of complement AP activation on podocytes demonstrated overactivation in the presence of patients' serum compared with NHS with the accumulation of iC3b fragments on the cell surface and on the extracellular matrix. However, interestingly, labeling for C3d showed a similar signal in the presence of patients' serum on the surface of the cells compared with the normal serum, but the labeling was more increased in the extracellular matrix with patients' sera compared with NHS. Since CR1 is the only Complement cofactor protein able to assist FI for the cleavage of iC3b to C3dg, the defect in the interaction of the mutant iC3b with CR1 could result by the inefficient conversion of iC3b to C3dg/C3d and therefore accumulation of iC3b on podocytes. Taken together, these results indicate that a functional CR1 deficiency may result in C3 fragment deposition on the podocyte side of the GBM.
In C3G, C3 deposits are composed of C3b or C3b metabolites resulting from proteolysis of C3b by FI and its cofactors, iC3b, C3c, and C3dg. 40, 41 Results obtained from experimental models of FH and FI deficiency in mice demonstrated that the nature of the C3 activation products (iC3b, C3d, C3dg, or C3b) is an important determinant for the localization of the C3 deposits. 42 The functional consequences of the C3 I734T mutation suggest that the predominant form of C3 protein in the deposits might be C3b and not iC3b, having the capacity to amplify the C3 deposits at the tissue level.
Moreover, both patients presented with voluminous extramembranous C3 deposits (humps) and debris from the GBM in the subepithelial space. We propose that lower cofactor activity of CR1 on podocytes could predispose to inefficient clearance and accumulation of C3 deposits and debris in the subepithelial space. The mutant C3 protein is able to form initial functional C3 convertase in fluid phase leading to C3 deposits in the glomerular endothelial cells. Due to the impaired FH cofactor activity the amplification of the AP leads to increased C3 deposits along the subendothelial space, with diffusion toward the subepithelial space in the area of lacking functional CR1. Therefore, there may be a limited cleavage of C3b/iC3b to C3 fragments with lower molecular weight, which can be eliminated in the urine (Figure 9 ). Unfortunately rodents lack a human CR1 ortholog, which precludes in vivo analysis to confirm the role of CR1 in C3GN.
Immunosuppressive treatment of the two patients was unsuccessful, as they rapidly reached ESRD. Eculizumab is an approved monoclonal anti-C5 antibody which blocks the activity of the terminal Complement pathway. 43 Eculizumab seems to be associated with better efficacy in cases with high levels of plasma sC5b-9 and may be used in the case of mutations such as the one described here. Our results suggest that soluble CR1, which was tested in DDD, 44 would be inefficient in our patients due to impaired interaction of the mutant C3b with CR1. In conclusion, the functional consequences of the C3 mutation reported here are distinct from those previously reported for aHUS and DDD. Two mechanisms are implicated in the C3 deposits observed in this case of C3GN. An FH defect of the C3b degradation by FI on the endothelial cells, and a functional CR1 deficiency on podocytes provide an explanation for the C3 deposits in the subendothelial and subepithelial spaces. These defects participate in the disease pathogenesis. In view of the broader spectrum of anti-C therapeutics that may be available to the clinicians in the near future (especially soluble CR1), 44 our results highlight the importance of studying CR1 function in C3G. 
CONCISE METHODS
Patients
Assays for Complement Components and Genetic Screening
All immunologic and genetic analyses were performed in a reference laboratory for the investigation of the Complement system (European Hospital Georges Pompidou, France). EDTA plasma samples were obtained from both patients. Plasma concentrations of C3, FB, FH, and FIwere measured as previously described. 14 C3Nef activity was determined by assessing the ability of purified plasma IgG to stabilize the membrane-bound C3bBb convertase. 45 Anti-FH, anti-C3, and anti-FB antibodies were looked for using ELISA as previously described. 46, 47 Genomic DNA for direct sequencing was obtained from peripheral blood leukocytes. Direct sequencing of all FH, FB, FI, MCP, CFHR5, and C3 exons was performed as previously described. 9, 32 Structure Analysis
The crystal structures of C3, 26 C3b, 48 C3bBD, 20 C3bBb, 49 and C3bFH1-4 23 were obtained from the Protein Data Bank. Molecular graphic imaging and analysis were produced using a Pymol and UCSF Chimera package. For this study, the numbering will be according to the mature protein sequence (without the 22-amino acid long leader peptide).
Assays Utilizing Patients' Plasma and Sera Hemolytic Assays
Rabbit erythrocytes and sheep erythrocytes were used in hemolytic assays to evaluate the functionality of the C3 convertase formed from patients' plasma. Plasma samples from NHS and the patients were diluted in veronal buffer (7 mM MgCl 2 and 10 mM EGTA, pH 7.4) and incubated with 100 ml 10 8 erythrocytes/ml at 37°C for 30 minutes. Hemolysis was detected by determining the OD at 414 nm. Control experiments were performed in the presence of EDTA. The sheep erythrocyte surface is highly sialylated, allowing for FH binding and protecting the surface from C3 convertase formation. 50, 51 However, in the presence of certain FH mutations or FH blockade by anti-FH antibodies in the plasma, a dose-dependent lysis is seen. 46, 50 Therefore plasma from an aHUS patient with a mutation in CCP20 of FH, W1183R, was used as a positive control in the hemolytic test with sheep erythrocytes as described elsewhere 46, 50 . This mutation has been identified in several cohorts in the context of aHUS 46, 50 . This mutation is localized to CCP20 of FH that is implicated in the binding of FH to C3b, C3d, and glycosaminoglycans 52 .
Endothelial Cell Assays
Conditionally immortalized cells from a GEnC cell line, described in detail by Satchell et al., 15 were used for this study. GEnC were grown in 24-well plates. They were allowed to proliferate at 33°C until reaching confluency and then transferred to 37°C for 7 days. The cells were cultured in complete endothelial cells growth medium 2 (Lonza). The experiments were performed as described previously for analysis of aHUS patients' sera. [16] [17] [18] [19] Briefly, after washing with PBS, adherent cells were incubatedwith NHS or patient serum (diluted at 1:3 with M199 medium to a final volume of 300 ml) for 30 minutes at 37°C, with 5% CO2. At the end of the incubation, the cells were washed again with PBS and the adherent GEnC were detached by a nonenzymatic procedure using PBS-5 mM EDTA and 5 mg/ml lidocaine.
The cells that spontaneously detached overnight from the confluent monolayer were shown to be apoptotic-necrotic (100% annexin V-positive and over 70% propidium iodide-positive). The apoptoticnecrotic cells were transferred to FACS tubes and incubated with 150 ml of serum diluted at 1:3. To test the effect of FH on the regulation of C3 deposition from normal or patients' sera, apoptotic-necrotic GEnC were incubated in the presence of increasing concentrations of purified FH (Complement Technologies, Tyler TX; 0-100 mg/ml). In this experiment, we used serum from a patient with aHUS carrying an FH mutation W1183R with well characterized functional consequences as a control 52 . Apoptotic-necrotic cells are less protected from Complement attack and allow activation of Complement until the activation of the terminal pathway with formation of the C5 convertase and sublytic C5b-9; sublytic C5b-9 is not formed on the surface of resting endothelial cells. Adherent cells and apoptotic-necrotic cells were labeled with an anti-C3c mAb (Quidel), or an anti-C5b-9 mAb (kind gift from Prof. Paul Morgan, Cardiff, UK) or a control IgG1, followed by phycoerythrinlabeled secondary antibody (Beckman Coulter, Marseille, France). Cells were analyzed by flow cytometry on a Becton Dickinson FACS Calibur using CellQuest software. The results are expressed in relative fluorescent intensity, where the mean fluorescent intensity of every sample was divided by the mean fluorescent intensity of the isotype control.
Podocyte Assays
A conditionally immortalized human podocyte cell line, described in detail by Saleem et al. 53 , was used for this study. Podocytes were grown on collagen I-coated slides, allowed to proliferate at 33°C until reaching approximately 70% confluence and then transferred to 37°C for 14 days. The cells were cultured in RPMI 1640 medium supplemented with penicillin, streptomycin, glutamine, insulin, transferrin, and sodium selenite (Sigma Chemicals, Dorset, UK) and 10% FCS. Podocytes were fixed with paraformaldehyde and labeled with an anti-CR1-FITC antibody (BioLegend) or an isotype control (BioLegend). Alternatively, the cells were incubated for 30 minutes at 37°C with NHS or serum of patient II-1 diluted 1:4 in RPMI 1640, washed with PBS, and fixed with 4% paraformaldehyde. Cells were then stained with rabbit anti-human C3c (Dako) or biotinylated monoclonal mouse anti-C3d (Quidel) followed by a secondary labeling with goat anti-rabbit Alexa fluor 488 (Invitrogen) or streptavidin-Alexa fluor 488 (Invitrogen). Images were acquired with a fluorescent Zeiss Axioskop 2 plus microscope and a QImaging Retiga 3000 camera (original magnification, 320), using the QImaging software.
The anti-C3c antibody recognized the C3 activation fragments C3(H 2 O), C3b, and iC3b on the cell surface. The specificity of the antiC3d was tested by a sandwich ELISA. It strongly recognized C3d, weakly recognized C3b and iC3b, and only gave background signal for C3c and C3 (data not shown). Therefore, this antibody was considered to label primarily C3d and, to a lesser extent, C3b and iC3b.
Assays Using Recombinant Proteins Recombinant C3 Production
The I734T mutant C3 (C3 I734T) was obtained by site-directed mutagenesis of the WT C3 plasmid as described previously. 19, 33, 35 The generation of the R139W C3 mutant was performed as previously described. 19 Briefly, the I734T mutation was introduced in WT C3 cloned into the pKG5-En vector using site-directed mutagenesis (QuickChange II XL, Stratagene, La Jolla, CA). The constructs were sequenced to confirm that no additional mutations had been introduced. The expression level of the mutant plasmid was compared with WTafter three independent transient transfections of CHO-K1 cells using Lipofectamine (Invitrogen) and three days of culture in complete DMEM medium (DMEM, D-glucose, pyruvate, penicillin, streptomycin, and 10% FCS). The plasmid was introduced into CHO-K1 cells via stable transfection using selection with G418. Recombinant C3 proteins were obtained from the stably transfected cells after 3 days of culture in DMEM without FCS. The quantity of C3 was assessed by a sandwich ELISA, using an anti-human C3 antibody for capture and biotinylated anti-human C3, followed by streptavidin-horseradish peroxidase for detection. The integrity of the recombinant C3 proteins was assessed by Western blot analysis under reducing conditions and showed a migration pattern indistinguishable from the WT.
Recombinant C3 proteins were purified by ion-exchange chromatography (diethylaminoethanol) from five independent productions. Every experiment employing recombinant protein utilized material from at least three independent productions.
To test the interaction of the recombinant proteins with the Complement regulators, the C3 proteins were converted to C3(H 2 O) by three freeze-thaw cycles. The efficacy of the conversion was confirmed by the ability of FH and FI to induce complete cleavage of the recombinant proteins. C3(H 2 O), despite the presence of the anaphylatoxin domain (C3a), is very similar to C3b as it binds to the same ligands and is regulated in the same fashion. [54] [55] [56] [57] [58] [59] Therefore, we used these recombinant proteins to characterize C3(H 2 O) and C3b interactions.
SPR Analysis Interactions with Complement Regulators
The interaction of purified C3 WT and C3 I734T with its ligands, FH, MCP, and CR1, was analyzed using SPR technology with ProteON Figure 9 . Schematic diagram of AP dysregulation caused by the C3 I734T mutation leading to glomerular C3 deposits. Generated C3b and its cleavage fragments from the capillary lumen (CL) cross the fenestrated glomerular endothelium (GEc) and reach the subendothelial space and the mesangium (M) in the vicinity of mesangial cells (Mc), where C3b is only partially regulated by FH, leading to the accumulation of C3b and iC3b in these areas. C3b and iC3b fragments cross the GBM toward the subepithelial space. They cannot be appropriately regulated by CR1 expressed on the foot podocytes, resulting in iC3b/C3d accumulation (humps). US, urinary space.
XPR36 equipment (BioRad), as described previously. 19, 35 Purified recombinant C3 was in the form of C3(H 2 O) and was able to bind to Complement regulators. FH, MCP, CR1, and a monoclonal anti-C3d antibody (Quidel) were coupled to individual flow channels of a GLC biosensor chip using standard amine-coupling, according to the manufacturer's instructions. The recombinant C3 WTand C3 I734Twere used as analytes at concentrations starting from 1 mg/ml. Five concentrations and a running buffer were injected at 30 ml/min in HEPES buffer (10 mM HEPES, 25 mM NaCl, Tween 0.005%, pH 7.4) for 300 seconds across the four immobilized ligands and an empty, activated/deactivated channel as a control. The injection of equal amounts of C3 WT and C3 I734T was confirmed by identical binding to the anti-C3d antibody.
Data were analyzed using ProteON Manager software and the data from the blank channel were subtracted. Kinetic parameters were calculated by fitting the obtained sensorgrams into a two-state interaction model.
Recombinant C3 R139W was used as a control. This mutation has been identified in 14 patients with sporadic aHUS from the French cohort. 19 This mutation is associated with normal binding to FH but reduced binding to MCP. The recombinant C3 R139W was produced and tested in parallel with C3 I734T.
Interaction with FB and Formation of C3 Convertase
Immobilized FB does not interact efficiently with C3 proteins in fluid phase. Therefore, C3 proteins were immobilized on the chip to test FB binding and convertase formation. To this end, anti-C3d antibody was immobilized on three different channels of the chip and loaded with supernatant containing equal amounts of C3 WT or C3 I734T proteins (concentration 1 mg/ml). Five different concentrations of purified FB, diluted in Mg-containing running buffer, and running buffer alone (10 mM HEPES, 25 mM NaCl, 10 mM Mg 2+ , Tween 0.005%, pH 7.4) were injected simultaneously over these surfaces. A mix of FB (3 mg, Complement Technologies), and FD (0.1 mg, Complement Technologies) was injected onto these surfaces to assess C3 convertase formation.
Cleavage of Recombinant C3 by a Solid-Phase AP C3 Convertase
A solid-phase C3 convertase, C3bBb, was assembled on a microtiter plate coated with C3b, diluted in PBS to 2.5 mg/ml (Complement Technologies), overnight at 4°C. After blocking with 2% BSA for 30 minutes at 37°C, the wells were washed with 10 mM HEPES and 40 mM NaCl supplemented with 10 mM MgCl 2 . Afterward, FB (0.5 mg/ml, CompTech), FD (0.01 mg/ml, CompTech), and properdin (0.02 mg/ml Complement Technologies) were added and incubated for 30 minutes at 37°C to form a C3 convertase. Next, recombinant C3 WT or C3 I734T (5 ng) (in 10 mM HEPES, 40 mM NaCl, 10 mM MgCl 2 ) was added to the wells and incubated for 0-60 minutes at 37°C. Unpurified supernatant was used as a source of C3 to assure that the recombinant proteins kept their hemolytically active form, and thus were cleavable by the C3 convertase. The reaction was stopped by adding 10 ml dithiothreitol-containing sample buffer. Samples were boiled at 95°C for 10 minutes followed by electrophoresis on 10% Tris-glycine polyacrylamide gels (Life Technology) and transferred to nitrocellulose membrane by the iBlot system (Life Technology). The cleavage of the recombinant C3 was probed by Western blotting, using the SNAP system (EMD Millipore). After blocking with Tris 10 mM, NaCl 150 mM, 0.1% Tween, and 1% BSA, the blots were probed with a 1:5000 dilution of goat anti-human C3 IgG (Calbiochem) followed by horseradish peroxidase-conjugated rabbit anti-goat IgG (Santa Cruz Biotechnology). The signal was developed by chemiluminescence using an ECL kit (PerkinElmer) and MyECL Imager (Thermo Fisher Scientific).
Cofactor Assays
Recombinant C3 WTor C3 I734T proteins were freeze-thawed three times to generate C3(H 2 O) and 2.5 ng was incubated at 37°C for 30 minutes with FI (20 ng Complement Technologies) and different doses of FH (0, 31, 125, or 500 ng; Complement Technologies), recombinant soluble MCP (0, 25, 50, or 100 ng), or soluble CR1 (0, 12.5, 50, or 200 ng (R&D Systems) in tris buffered-saline (10 mM Tris, 150 mM NaCl, pH 7.4). Samples were boiled and the cleavage of C3 WT or C3 I734T to iC3b was probed as described above. The cleavage efficiency was evaluated by the appearance of the a43 band and the disappearance of the a-chain and quantitated by densitometry of the scanned images. The ratio between a43 and the b bands was plotted versus the cofactor concentration.
Statistical Analyses
The results were analyzed using GraphPad Prism software. The statistical analysis was performed using the Mann-Whitney U and t tests. P values below 0.05 were considered significant (*P,0.05; **P,0.01; ***P,0.001).
